Abstract-Historically, the mobility of semiconductor charge carriers is treated as a single-valued function of temperature and other parameters such as the doping concentration. Such a description has been adequate for electronic devices with behaviors that are dominated by bulk carrier transport. Treating carrier mobility as a single valued function is consistent with conventional Hall measurements which are performed at a single value of magnetic field strength and provide only a weighted average of the electron mobility and carrier concentration of a semiconductor structure. Modern electronic devices consisting of numerous semiconductor layers often result in the population of numerous distinct carrier species, therefore, treating carrier mobility as a single valued function of temperature and other semiconductor device parameters such as carrier concentration can be a completely inadequate description. Mobility spectrum analysis is an experimental technique based on magnetic fielddependent conductivity-tensor measurements for the extraction of a mobility distribution.
I. INTRODUCTION
Carrier mobility is a parameter that is central to the operating characteristics of electronic devices such as the switching speed of transistors and the efficiency of solar cells. Standard, single magnetic field, measurements of the resistivity and Hall coefficient provide only an averaged value of the mobility and carrier concentration. Such averaged values have little physical meaning for devices where multiple carrier species, in-addition to bulk majority carriers, have a strong influence on device operation. Mobility spectrum analysis (MSA) is a technique that can resolve the mobilities and concentrations of the individual carrier species. MSA is based upon an analysis of magnetic field-dependent conduction which is assumed to be of the form,
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where n, e, μ and B are the carrier density, the magnitude of the charge on an electron, the carrier mobility and the magnetic field strength respectively. S is −1 for electrons and +1 for holes. The magnetic field is applied in the z-direction and the current is constrained to flow in the x and y-directions. Within the MSA framework, the conductivity relationship is generalized to allow the conductivity-tensor components to be continuous functions of mobility [1] ,
The development of mobility spectrum algorithms initially considered populations of distinct carrier species and assumptions had to be made regarding the number of species present. Modern algorithms consider a continuum of carrier mobility and therefore no prior assumptions need to be made regarding the number of carrier species that are present in a semiconductor sample under consideration [2] - [4] . However, there is a tendency to assume that the individual peaks of a mobility spectrum originate from distinctly different carrier conduction mechanisms such as the surface and bulk conduction of narrow band-gap semiconductors. Designating carriers into distinct species can be a completely inadequate description since carriers generally occupy a continuum of states with a coupling between states that can vary greatly depending on the available phonon modes and the overlap of wavefunctions. For example, the bulk and surface carrier conduction of a narrow band-gap semiconductor occur in spatially separate regions [5] and therefore the coupling of carriers between these two conduction mechanisms is minimal whereas the carriers occupying the ground and excited state subbands of a quantum well superlattice [6] are tightly coupled by phonon transitions. Given the thermal energy distribution of carriers it is evident that within a mobility spectrum approach, carriers should be considered as occupying a continuum of states which can have important consequences on the mobility spectrum.
We present calculations of the electron mobility distribution of bulk GaAs which predicts the existence of multiple mobility spectrum peaks resulting from electron conductivity in the Γ conduction band. This report serves as an important and simple test case upon which experimentally measured mobility spectra can be compared and presents insight into the general nature of electron mobility distributions.
II. MODEL DETAILS
The Boltzmann Transport Equation (BTE) is exactly solved numerically under an applied electric field for optical phonon, acoustic phonon and ionized impurity scattering. This fully numerical method is similar to that of Rode [7] , and is commonly used for calculations involving anisotropic and inelastic scattering processes [8] , [9] . Solving the BTE provides the distribution function, f (k), which gives the probability that the momentum state, |k is occupied. From the momentum distribution, steady-state distributions such the conductivity, σ(E), and mobility, μ(E), as a function of carrier energy and the conductivity as a function of mobility, σ(μ), are obtained.
The longitudinal polar optical (LO) phonon interaction takes the usual form. The rate at which an electron in an initial momentum state |k i scatters to a final state |k f is given by the following equation,
where q = |k i − k f | is the magnitude of the phonon wavevector, ω LO is the LO phonon frequency (assumed dispersionless), ε s is the static permitivity, ε e is the high frequency permitivity. N q is the number of phonons occupying the mode,
where T is the temperature and k b is the Boltzmann constant. The upper (lower) sign of ± corresponds to emission (absorption) of phonons. The total rate at which electrons scatter from the state k i is an integration over all final states,
The total rate at which electrons scatter into the state k i is given by,
The (1 − f (k i )) terms are important for degenerately doped semiconductors but are very close to unity for the nondegenerate GaAs, as considered in this work, none-the-less they were included in the computational routines. The longitudinal acoustic phonon (LAP) scattering rates are evaluated by a Bardeen-Shockley deformation-potential approximation method [10] , the details can be found in the appendix. Ionized impurity scattering is calculated within the usual Brooks-Herring approach for non-degenerate semiconductors. The scattering rate of an electron in the state k i is given by,
where
ε s is the static permitivity and q 0 is screening parameter and is dependent on the doping density, N D ,
For all calculations the standard material parameters for GaAs have been provided as input for as taken from Ref [17] . The relative static and high frequency permitivity values are taken as 12.9 [11] and 10.89 [12] respectively.
All distributions are calculated from f (k). The conductivity density (in the direction of the applied electric field) as a function of electron energy is calculated by numerically evaluating the following integral
where θ is the angle with respect to the direction of the applied electric field, v g = ∂ω/∂|k| is the electron group velocity and |E| is the magnitude of the applied electric field. ω = E(|k|)/h is the angular frequency of the electronic state and the electron group velocity, v g , is in the direction of k.
The mobility as a function of electron energy is obtained from the conductivity density and the differential carrier density.
μ(E) and σ(E) allow for the construction of the mobility distribution function σ(μ) which indicates the contribution to the conductivity of carriers with a particular mobility. A mobility slice of finite width is chosen, (μ → μ + Δμ) and the energy ranges,
for which the mobility distribution (μ(E)) falls within the mobility of the chosen slice are determined. The conductivity is then determined by,
Modern mobility spectrum algorithms typically split the mobility domain into 20 slices per decade [3] , and therefore we have done the same for the computation results presented in this paper.
III. RESULTS AND DISCUSSION
The computational methods described have been applied to bulk GaAs for a doping concentration of 1 × 10 16 cm
−3
and a temperature of 300 K. Figure 1 shows the electron mobility and conductivity density as a function of electron kinetic energy and figure 2 is a plot of the resultant mobility distribution. The calculated average mobility is 6820 cm 2 /V·s which is in agreement with experimentally determined values of the drift mobility for room temperature bulk GaAs with a carrier concentration of 1 × 10 16 cm −3 . An interesting feature of the μ(E) and σ(E) plots is the sudden reductions in magnitude which occur at integer multiples of the LO phonon energy (36 meV). A reduction of mobility and conductivity is expected at the LO phonon energy point since LO phonon scattering is the dominant scattering mechanisms for GaAs at room temperature and E = 36 meV is the threshold for LO phonon emission which results in a dramatic increase of the electron scattering rate. The subsequent reductions at larger energies is a result of the preference for LO phonon scattering to occur for smaller phonon wavevectors. Consider the change in the distribution function due to the applied electric field,
where f 0 (k, θ, φ) is the electron distribution under thermal value in the direction opposite to the applied field (θ = π), and due to the preference for LO phonon absorption to occur in the direction of the electron wavevector, this influences the value of Δf (k(E + E LO ), π, φ). Essentially, an increase of Δf (k(E), π, φ) causes an increase of Δf (k(E + E LO ), π, φ) due to preferential forward scattering. Likewise, the sudden reduction of Δf (k(E = E LO ), π, φ) causes a reduction of Δf (k(E + E LO ), π, φ), resulting in the multiple dips that feature in μ(E). The multiple dips and troughs of the mobility function, μ(E), show up as a series of peaks in the mobility distribution, σ(μ). Some general observations can be made regarding the nature of the calculated mobility distribution. Firstly, the mobility distributions are rather broad, secondly, the subsequent peaks of the mobility distribution occur at larger mobility. The broad calculated mobility distribution is a result of the approximately square root dependence of the GaAs electron group velocity on the electron energy. The group velocity term in Eq. 10. together with Eq 11. results in a large mobility spread with electron kinetic energy. This directly leads to the broad mobility distribution. A mobility distribution, σ(μ), that features more that a single peak is expected to occur for a wide variety of semiconductor materials and structures provided LO phonon scattering dominates the total carrier scattering rate.
A review of reports on MSA measurements indicates that evidence for the sort of mobility distribution structure calculated in this work has been detected is not compelling. In addition, it can be concluded that MSA measurements tend to return mobility spectra with conductivity that occurs over a considerably narrower mobility range. See for example the MSA reports by Brown et al of Single-Layer n-Type HgCdTe [13] , InP epi layers [14] , Hudait et al on InAs 1 P 1−x [15] and Umana-Membreno et al on LPE-Grown Hg x Cd x Te Layers [16] . It is not a forgone conclusion that the results presented here would match those of experiment. It is possible that assumptions inherent to Eq. 2 results in an averaged sort of mobility for tightly coupled states such as those for the GaAs conduction band. MSA may then provide averaged mobilities for conduction pathways that have a significant degree of decoupling. MSA has certainly proven to been a reliable and versatile tool for the study of devices with numerous conduction mechanisms that are significantly decoupled.
IV. CONCLUSION
We have presented calculations of the electron mobility distribution of bulk GaAs which reveal some interesting features of the mobility distribution due to conduction within the Γ band. It is found that the mobility distribution of GaAs is considerably complex with a shape that depends on the nature of the scattering interactions. It is an open question if mobility spectrum analysis techniques based on magnetic-field strength dependent conductivity measurements can detect the level of detail of the mobility distribution calculated in this work.
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APPENDIX
The classical continuum elastic acoustic modes are calculated from which the hydrostatic strain is determined for an acoustic mode equal to the phonon energy, E =hω. Acoustic mode solutions are assumed to take the following form,
Where p(r, t) is the atomic displacement function of the acoustic mode, a is an atomic displacement vector, q is the acoustic wavevector and ω is the frequency of the acoustic mode. Putting the solution form into the equations of motion results in a set of equations,
where the C coefficients are the elastic constants of GaAs and ρ is the mass density of GaAs. The displacements are found by solving an eigen equation of the form,
Where R is the following matrix ⎡ There are three solutions of the eigen equation, of which, only the longitudinal mode is of interest. The magnitude of the atomic displacements are set such that the elastic energy is equal to the phonon energy, 
where a c and ε hyd are the conduction band deformation parameter and hydrostatic strain respectively. The commonly used GaAs conduction band deformation parameter of 7.17 eV [17] is used in this work. Using a similar method to that described above for LO phonons, the total scattering rates are calculated for each k i momentum state.
